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Optical and magnetic properties of Eu-doped GaN
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GaN films were doped with Eu to a concentration of �0.12 at. % during growth at 800 °C by
molecular beam epitaxy, with the Eu cell temperature held constant at 470 °C. All samples were
postannealed at 675 °C. The films exhibited strong photoluminescence �PL� in the red �622 nm�
whose absolute intensity was a function of the Ga flux during growth, which ranged from 3.0
�10−7 to 5.4�10−7 Torr. The maximum PL intensity was obtained at a Ga flux of 3.6
�10−7 Torr. The samples showed room temperature ferromagnetism with saturation magnetization
of �0.1–0.45 emu/cm3, consistent with past reports where the Eu was found to be predominantly
occupying substitutional Ga sites. There was an inverse correlation between the PL intensity and the
saturation magnetization in the films. X-ray diffraction showed the presence of EuGa phases under
all the growth conditions but these cannot account for the observed magnetic properties. © 2006
American Institute of Physics. �DOI: 10.1063/1.2358293�
There is continued strong interest in the properties of
rare-earth-doped wide band gap nitrides for their potential
application in optoelectronic devices such as visible lasers
that can be grown on Si substrates.1–20 In particular, the large
band gaps of GaN, AlN, and their alloys allow emission of
higher energy rare earth transitions that are otherwise ab-
sorbed in smaller band gap host materials such as GaAs.
These materials may have application in visible displays or
in white light systems that employ color-combining tech-
niques. Rare earth doping of GaN with Eu and Gd has also
been reported to produce ferromagnetism, although the
mechanism is far from clear.21–26 Several groups have sug-
gested that there is long range polarization of the area sur-
rounding each Gd atom.23,24,27 Dalpian and Wei27 further
suggested that the phenomenon requires shallow donor im-
purities such as oxygen to occupy f states created by the Gd
below the conduction band. However, there is a significant
difference in the dopant concentrations needed to induce fer-
romagnetism in GaN between rare earths and the more con-
ventional transition metals such as Mn. In the latter case,
concentrations of 3–5 at. % are typically required and this is
well above the solid solubility, requiring use of low growth
temperatures or nonequilibrium incorporation methods such
as ion implantation. By comparison, concentrations of
1016–1018 cm−3 of Gd and Eu appear sufficient to induce
ferromagnetism and correspondingly large magnetic mo-
ments. This has the advantage that there is less compromise
in the material quality through the use of lower impurity
levels and the material may be codoped with conventional
shallow level dopants to control the conductivity. Since the
rare earth dopants may be optically active in these materials,
magnetic and optical functionalities on a single chip may be
possible.
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In this letter we report on the synthesis of Eu-doped GaN
by molecular beam epitaxy �MBE� and the optical and mag-
netic properties of the resulting films. Strong red �622 nm�
photoluminescence is obtained along with signatures of fer-
romagnetism that do not appear to result from second phase
formation.

The samples were grown by MBE on c-plane sapphire
substrates. A low temperature, 50 nm thick AlN buffer was
followed by growth of �0.5 �m of GaN:Eu at 800 °C with
a Eu cell temperature of 470 °C. The Ga flux during growth
was varied from 3.0�10−7 to 5.4�10−7 Torr by controlling
the Ga cell temperature in the range of 860–890 °C. The
samples were capped with an additional 50 nm of low tem-
perature AlN and annealed at 675 °C for 100 min. This pro-
duces a Eu concentration in the range of 0.12 at. %, as de-
termined by Rutherford backscattering.28 This is a much
lower concentration than used in previous work �2 at. % �.22

Previous measurements have also shown the presence of a
significant concentration of oxygen in the samples, which
tends to increase the population of the +3 valence state.9 The
samples were insulating and were characterized by room
temperature photoluminescence �PL� measurements using a
HeCd laser �325 nm� as an excitation source and also by
x-ray diffraction �XRD� measurements in a powder system.
We also performed some preliminary �-2� measurements us-
ing a double-crystal system. Magnetic measurements were
taken up to room temperature �300 K� with a Quantum De-
sign magnetic properties measurement system superconduct-
ing quantum interference device magnetometer. The mag-
netic field was applied vertical to the sample surface in all
cases, the easy axis of magnetization.22 The diamagnetic
properties of the substrate and holder were subtracted out
and the data normalized to sample volume.

The PL spectra from the GaN:Eu samples are shown in
Fig. 1 as a function of the Ga flux during growth. The spectra
show a strong dominant emission at 622 nm due to the intra-

3+ 5 7
atomic transitions inside the 4f shell of Eu ions � D0- F2
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transition�.22 The less dominant transition around 599 nm is
attributed to Eu3+ 4f inner shell transitions from 5D0 to 7F1.15

This is consistent with previous reports that show a correla-
tion between the 622 nm emission and a majority of the Eu
ions being in the 3+ state in the GaN,22,29 with the Eu occu-
pying substitutional Ga sites as determined by extended
x-ray absorption fine structure measurements.29 Note that the
PL emission intensity is a maximum at lower Ga fluxes, con-
sistent with the Eu occupying Ga sites. While the III-nitrides
have proven quite successful for fabrication of blue and
green light emitting devices, realization of red devices has
been less successful due to the difficulties associated with the
synthesis of the high-In-content InGaN needed to achieve
red emission. An attractive alternative may be the use of
Eu-doped GaN, whose emission wavelength is host-material
insensitive. GaN is an attractive host for optical centers as its
wide band gap has been shown to reduce thermal quenching
in Er+3-doped material. This reduction in quenching allows
efficient operation of Er-doped material at room
temperature15–18 and should offer the same benefit for Eu3+.

Figure 2 shows the magnetization �M� versus field �H�
behavior at 300 K for the Eu-doped sample grown with the
lowest Ga flux �3�10−7 Torr�. Hysteretic behavior is clearly
observed, consistent with ferromagnetism. Other possible ex-
planations for hysteretic M vs H behavior that are remotely
possible include super-paramagnetism and spin-glass effects.
These films also appear to have Curie temperatures �TC�
around room temperature, as shown from the lack of closure
between the field-cooled and zero-field-cooled lines in the
magnetization vs temperature curves at the bottom of Fig. 2.
Magnetization measurements were also performed on un-
doped GaN samples to eliminate the possibility that spurious
transition metal impurities might be responsible for the mag-
netic response. These exhibited no magnetic hysteresis,
showing that the Eu doping is responsible for the observed
magnetization.

Figure 3 shows the saturation magnetization and PL in-
tensity at 300 K as a function of the Ga flux during growth
of the GaN:Eu. There is an inverse correlation between the
two parameters and the 300 and 10 K magnetizations
roughly track each other. The PL intensity is a maximum at
moderate Ga fluxes, as discussed above. Previous reports

FIG. 1. �Color online� PL spectra at 300 K from Eu-doped GaN samples
grown with different Ga fluxes.
have suggested that the ferromagnetism in Eu-doped GaN is
Downloaded 02 Oct 2006 to 128.227.34.25. Redistribution subject to 
due to Eu2+ ions because of their large total angular momen-
tum in the ground state, while the Eu3+ would lead to
paramagnetism.22 In this scenario, the higher population of
the trivalent states at moderate Ga fluxes would correlate
with a lower saturation magnetization, as observed. The
minima/maxima in Fig. 3 might be explained as follows. The
+2/ +3 ratio decreases with increasing Ga flux. However, as
the Ga flux increases �we are always in N-rich growth con-
ditions�, the Eu gets increasingly tied up as Eu–Ga phases,
leaving less substitutional Eu. The Eu that remains prefers to
be increasingly +3, enhancing the optical activity over the

FIG. 2. �Color online� 300 K magnetization vs field curve from Eu-doped
GaN grown with a Ga flux of 3.6�10−7 Torr �top� and field-cooled and
zero-field-cooled magnetizations as a function of temperature �bottom�.

FIG. 3. �Color online� PL intensity at 300 K and saturation magnetization at
a field of 1500 Oe at both 10 and 300 K from Eu-doped GaN as a function

of Ga flux during growth.
AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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magnetic activity. The Eu–Ga phases are only weak antifer-
romagnets, and would be well into paramagnetism for the
Fig. 3 measurements at 300 K, and not contributing to any
remaining ferromagnetism. A spatial variation in Eu3+ /Eu2+

concentration ratio in GaN has previously been noted from
resonant photoemission measurements.30 The saturation
magnetization in our films is comparable to previous reports
even though the Eu concentration is approximately a factor
of 16 lower.22

Figure 4 shows the XRD spectrum from Eu-doped GaN
grown with the lowest Ga flux. We observe the presence of a
Eu–Ga phase in addition to the usual GaN peaks. Similar
results were obtained for all of our samples. In analogy with
the case of Gd in GaN �Ref. 31� and the heat of formation of
the respective compounds,32,33 it might be expected that the
reaction Eu+GaN→Ga+EuN+GaxEuyN may occur and that
the Eu can then form alloys of EuxGay. Our double-crystal
measurements show that at least two different EuGa phases
�EuGa and EuGa2� are present. There may be others present
below the concentration limit of our system, but none of the
Eu–Ga phases are ferromagnetic at high temperatures. In-
deed, the respective Néel temperatures are 18 K �EuGa�,
22 K �EuGa2�, 10–15 K �EuGa4�, 23 K �Eu3Ga8�, and 33 K
�Eu5Ga8�.34,35 Bulk Eu has a Néel temperature of 90 K,
while there are no EuN phases with high Curie temperatures
�at 77 K EuN is paramagnetic�.36 In addition, the magnetic
semiconductor EuO has a Curie temperature of �77 K,32 so
it does not appear to be a factor in the observed magnetic
properties, while Eu3O4 has a Curie temperature of 7.8 K
and Eu2O3 is paramagnetic.37

In conclusion, Eu-doped GaN shows both strong red
emission at 622 nm from the 5D0→ 7F2 transition of Eu+3

and hysteretic behavior in the field dependence of magneti-
zation, consistent with the presence of a ferromagnetic phase.
This material appears very promising for multifunctional de-
vices with both optoelectronic and magnetic functions.
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FIG. 4. �Color online� XRD spectrum from Eu-doped GaN grown with a Ga
flux of 3.6�10−7 Torr.
Downloaded 02 Oct 2006 to 128.227.34.25. Redistribution subject to 
1H. Ennen, J. Schneider, G. Pomrenke, and A. Axmann, Appl. Phys. Lett.
43, 943 �1983�.

2J. M. Zavada and D. Zhang, Solid-State Electron. 38, 1285 �1995�.
3R. G. Wilson, R. Schwartz, C. R. Abernathy, S. J. Pearton, N. Newman,
M. Rubin, T. Fu, and J. M. Zavada, Appl. Phys. Lett. 65, 992 �1994�.

4X. Wu, U. Hommerich, J. D. MacKenzie, C. R. Abernathy, S. J. Pearton,
R. Schwartz, R. G. Wilson, and J. M. Zavada, Appl. Phys. Lett. 70, 2126
�1997�.

5X. Wu, U. Hommerich, J. D. MacKenzie, C. R. Abernathy, S. J. Pearton,
R. G. Wilson, R. N. Schwartz, and J. M. Zavada, J. Lumin. 72–74, 284
�1997�.

6S. J. Pearton, C. R. Abernathy, J. D. MacKenzie, R. G. Wilson, R. N.
Schwartz, and J. M. Zavada, Appl. Phys. Lett. 71, 1807 �1997�.

7A. Steckl and R. Birkhahn, Appl. Phys. Lett. 73, 1700 �1998�.
8E. Alves, M. F. da Silva, J. C. Soares, J. Bartels, R. Vianden, C. R.
Abernathy, and S. J. Pearton, MRS Internet J. Nitride Semicond. Res.
451, G11-2 �1999�.

9A. J. Steckl and J. M. Zavada, MRS Bull. 24, 33 �1999�.
10R. Birkhahn, M. Garter, and A. J. Steckl, Appl. Phys. Lett. 74, 2161

�1999�.
11K. Gurumurugan, M. Chen, G. Harp, W. Jadwisienczak, and H. Loz-

ykowski, Appl. Phys. Lett. 74, 3008 �1999�.
12W. Jadwisienczak, H. Lozykowski, I. Berishev, A. Bensaoula, and I.

Brown, J. Appl. Phys. 89, 4384 �2001�.
13H. J. Lozykowski, W. M. Jadwisienczak, and I. Brown, Appl. Phys. Lett.

74, 1129 �1999�.
14A. J. Steckl, M. Garter, D. S. Lee, J. Heikenfeld, and R. Birkhahn, Appl.

Phys. Lett. 75, 2184 �1999�.
15D. S. Lee, J. Heikenfeld, R. Birkhahn, M. Garter, B. K. Lee, and A. J.

Steckl, Appl. Phys. Lett. 76, 1525 �2000�.
16J. Heikenfeld, M. Garter, D. S. Lee, R. Birkhahn, and A. J. Steckl, Appl.

Phys. Lett. 75, 1189 �1999�.
17S. Morishima, T. Maruyama, M. Tanaka, Y. Masumoto, and K. Akimoto,

Phys. Status Solidi A 176, 113 �1999�.
18M. E. Overberg, K. N. Lee, C. R. Abernathy, S. J. Pearton, W. S. Hobson,

R. G. Wilson, and J. M. Zavada, Mater. Sci. Eng., B 81, 150 �2001�.
19A. J. Steckl, J. C. Heikenfeld, D. S. Lee, M. J. Garter, C. C. Baker, Y.

Wang, and R. Jones, IEEE J. Sel. Top. Quantum Electron. 8, 749 �2002�.
20K. Lorenz, U. Wahl, E. Alves, S. Dalmasso, R. W. Martin, K. P.

O’Donnell, S. Ruffenach, and O. Briot, Appl. Phys. Lett. 85, 2712 �2004�.
21N. Teraguchi, A. Suzuki, Y. Nanishi, Y.-K. Zhou, M. Hashimoto, and H.

Asahi, Solid State Commun. 122, 651 �2002�.
22M. Hashimoto, A. Yanase, R. Asano, H. Tanaka, H. Bang, K. Akimoto,

and H. Asahi, Jpn. J. Appl. Phys., Part 2 42, L1112 �2003�.
23S. Dhar, O. Brandt, M. Ramsteiner, V. F. Sapega, and K. H. Ploog, Phys.

Rev. Lett. 94, 037205 �2005�.
24S. Dhar, L. Perez, O. Brandt, A. Trampert, K. H. Ploog, J. Keller, and B.

Beschoten, Phys. Rev. B 72, 245203 �2005�.
25S. Y. Han, J. Hite, G. T. Thaler, R. M. Frazier, C. R. Abernathy, S. J.

Pearton, H. K. Choi, W. O. Lee, Y. D. Park, J. M. Zavada, and R. Gwill-
iam, Appl. Phys. Lett. 88, 042102 �2006�.

26H. Asashi, Y. K. Zhou, M. Hashimoto, M. S. Kim, X. J. Lin, S. Emura,
and S. Hasegawa, J. Phys.: Condens. Matter 16, S5555 �2004�.

27G. M. Dalpian and S.-H. Wei, Phys. Rev. B 72, 115201 �2005�.
28K. Lorenz, R. Vianden, R. Birkhahn, A. J. Steckl, M. F. da Silva, J. C.

Soares, and E. Alves, Nucl. Instrum. Methods Phys. Res. B 161/163, 950
�2000�.

29H. Bang, S. Morishima, Z. Li, K. Akimoto, M. Nomura, and E. Yagi, J.
Appl. Phys. 237–239, 1027 �2002�.

30T. Maruyama, S. Morishima, H. Bang, K. Akimoto, and Y. Nanishi, J.
Cryst. Growth 237–239, 1167 �2002�.

31W. Xiao, Q. Guo, Q. Xue, and E. G. Wang, J. Appl. Phys. 94, 4847
�2003�.

32Handbook on the Physics and Chemistry of Rare Earths, edited by K. A.
Gschneider, Jr. and L. R. Eyling �North-Holland, Amsterdam, 1979�, Vol.
2, 76.

33Binary Alloy Phase Diagrams, edited by T. B. Massalski �ASM Interna-
tional, Metals Park, OH, 1992�, 217.

34J. DeVries, R. Thiel, and K. Buschow, Physica B 128, 265 �1985�.
35S. Bobev, E. D. Bauer, J. D. Thompson, and J. L. Sarrao, J. Magn. Magn.

Mater. 277 236 �2004�.
36R. Didchenko and F. P. Gortsema, J. Phys. Chem. Solids 24, 863 �1963�.
37The Oxide Handbook, edited by G. V. Samsonov �IFI/Plenum, New York,

1973�, 402 �translated from Russian by C. Nigel Turton and Tatiana I.
Turton�.
AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


